Neurons in various regions of the brain generate spike bursts. While the number of spikes within 14 a burst has been shown to carry information, information coding by interspike intervals (ISIs) is 15 less well understood. In particular, a burst with k spikes has k−1 intraburst ISIs, and these k−1 16
Introduction 43
Understanding the rules by which neuronal spike patterns encode information is essential for 44
investigating the complex functioning of the nervous system [1, 2] . Neurons in various brain 45 areas generate spike bursts, which are characterized by clusters of high-frequency spikes 46 separated by longer periods of silence [3] [4] [5] . Burst spikes typically occur within the temporal 47 window of postsynaptic integration (dozens of milliseconds), and thereby inducing synaptic 48 response with higher probability than isolated single spikes [6] [7] [8] . In this regard, bursts are 49 believed to represent an important neuronal code [7, 9, 10] . Previous analyses of burst 50 information coding have suggested that the number of spikes within a burst [4, [11] [12] [13] [14] [15] [16] [17] [18] [19] , the onset 51 timing of a burst [5, 6, [20] [21] [22] , and the duration of a burst [15, 23] all carry information. 52
Because a burst has multiple spikes, it has one or more intraburst interspike intervals (ISIs). 53
In theory, these intraburst ISIs can carry information if, for example, they are modulated by 54 sensory inputs. Such burst ISI coding should have significant effects on information transfer, 55 because the efficiency of synaptic transmission is sensitive to ISIs [24] . Consistent with this idea, 56 4 recent studies suggest that ISIs within bursts carry information [15, 19, 23, 25] . Although these 57 studies have shown that the first ISI and average ISI within a burst carry information, interaction 58 among multiple ISIs has been unclear. Theoretically, bursts with k spikes have k−1 intraburst 59 ISIs, and these k−1 ISIs could encode k−1 independent values that represent information. 60
Whether burst ISIs encode information in such a combinatorial manner is unknown. 61
In the vertebrate retina, retinal ganglion cells (i.e., the output neurons) generate spike bursts 62 [3, 4, 26] . While the number of spikes within bursts encodes the amplitude of light intensity 63 modulation [4], it is unknown whether intraburst ISIs encode information. In this study, using 64 isolated salamander retinae, we investigated whether intraburst ISIs encode information 65 regarding visual input. Our results indicated that intraburst ISIs encode oscillatory light intensity 66 sequences different from the stimulus feature encoded by the spike number. When bursts 67 contained three spikes, the two ISIs combinatorially encoded the amplitude and phase of the 68 oscillatory components. Further analysis of the trial-to-trial variability suggested that intraburst 69
ISIs are determined by two independent neuronal mechanisms that respond to two orthogonal 70 oscillatory components. Collectively, our findings demonstrate that multiple ISIs within a retinal 71 burst combinatorially encode multiple independent stimulus features that are different from that 72 encoded by the spike number. 73
Results

74
Burst spike numbers encode the amplitude of light intensity modulation 75
We stimulated isolated larval salamander retinae using a spatially uniform visual stimulus with 76 intensity modulation set at 30 Hz. Ganglion cell action potentials were recorded using a multi-77 electrode array. OFF ganglion cells, constituting the majority of the larval salamander retinal 78 5 ganglion cells, generated spike bursts ( Fig 1A) . The majority of the spikes [82.0% ± 8.7%, mean 79 ± SD (standard deviation), n = 41 cells] were observed in bursts comprised of two or more 80 spikes, indicating that multi-spike bursts represent the major retinal code. indicate intervals shorter and longer than Tthresh, respectively. 91 6 During repeated presentation of the same stimulus, individual ganglion cells generated spike 92 bursts at similar time-points across repeats ( Fig 1A) [3, 4] . This reproducibility enabled the 93 identification of corresponding bursts across repeats, which we termed "events" (Fig 1 and  94 Materials and Methods) [3, 4] . Bursts generated in the same event had similar numbers of spikes 95 in different repeats of the stimulus, while those in different events often had different numbers of 96 spikes ( Fig 1A) . Accordingly, the number of spikes within bursts carried information about the 97 stimulus (p < 0.01 for 41 of the 41 cells; the estimated mutual information was 0.80 ± 0.31 bits 98 per burst, mean ± SD, n = 41). We next calculated the burst-triggered averages (BTAs), which 99 represent the average stimulus sequence preceding isolated spikes and bursts with two, three, and 100 four spikes (1-, 2-, 3-, and 4-BTA, respectively). The BTAs were sequences of different 101 amplitudes (Fig 2A) , and the difference between 1-BTA and 3-BTA had ON and OFF peaks 102 around −170 and −40 ms relative to the burst onset ( Fig 2B) . This result indicates that the 103 number of spikes within a burst encodes the amplitude of ON-to-OFF light intensity modulation 104 within an interval of ~130 ms. 
Burst ISIs encode oscillatory light intensity sequences 112
To investigate whether intraburst ISIs carry information, we first analyzed bursts composed of 113 two spikes (2-spike bursts). For each ganglion cell, 2-spike bursts in the same event tended to 114 have similar ISIs, whereas those in different events typically had different ISIs ( Fig 3A) . This 115
suggested that intraburst ISIs convey information about the stimulus. Calculation of the mutual 116 information confirmed this notion (p < 0.01 for 41 of the 41 cells; 0.33 ± 0.10 bits per burst, n = 117 41). Two-spike burst ISIs were not correlated to the average number of spikes in events ( Fig 3B  134 and C; correlation = 0.0 ± 0.1, mean ± SD, n = 41), suggesting that these ISIs were modulated 135 according to stimulus features different from those modulating the spike number. To characterize 136 the stimulus features modulating 2-spike burst ISIs, we extracted the stimulus sequences 137 preceding 2-spike bursts with different ISIs (Fig 3D and E) . The results show that the stimulus 138 sequences had systematic differences depending on the ISIs. We next subtracted the 2-BTA 139 (black in Fig 3E) from the average of sequences preceding 2-spike bursts with long ISIs. The 140 result was an oscillating sequence with two ON and two OFF peaks (yellow in Fig 3F and G) . 141
The subtraction from the 2-spike bursts with short ISIs gave the same sequence, but with the 142 opposite sign (blue in Fig 3F and G) . These results indicate that 2-spike burst ISIs encode an 143 oscillatory deviation from the 2-BTA. Intervals between the ON and OFF peaks were ~40 ms 144 ( Fig 3F and G) and, therefore, were much shorter than those of the stimulus feature encoded by 145 the spike number (~130 ms; Fig 2B) . Thus, two-spike burst ISIs encode oscillatory sequences 146 much faster than the intensity modulation encoded by the spike number. We next investigated the characteristics of 3-spike bursts. The first and second intraburst ISIs 150 (ISI1 and ISI2) tended to be different for different events (Fig 4A and B) and carried information 151 about the stimulus (p < 0.01 for 40 of the 41 cells; 0.46 ± 0.21 bits per burst, n = 41). In addition, 152 the data suggest that ISI1 and ISI2 were modulated differently. For example, in Fig 4A, ISI1 was 153 similar between the first (red) and second (green) events, but tended to be different for the third 154 event (blue). In contrast, ISI2 was similar between the second and third events, but different for 155 the first event. Accordingly, in the two-dimensional plot of ISI1 and ISI2, bursts of different 156 events occupied different locations, and events did not align one-dimensionally, but were 157 distributed two-dimensionally ( Fig 4B) . The above results suggest that the modulation of ISI1 and ISI2 has two degrees of freedom. 173
The distribution of ISI1 and ISI2 had features that complicate further analysis. First, events with 174 longer ISIs tended to have larger trial-to-trial ISI variability than events with shorter ISIs (Fig  175   4C ). This inhomogeneous variability suggests that shorter ISIs represent information with a 176 resolution higher than that represented by longer ISIs. Second, although ISI1 and ISI2 were 177 modulated differently, they were not completely independent, but were correlated ( Fig 4B;  178 correlation coefficient = 0.16 ± 0.14, mean ± SD, n = 41). We were able to correct the first point 179 by non-linearly scaling ISI1 and ISI2 so that different events had similar variability ( Fig 4C and  180 D). To correct the second point, variables were further linearly scaled to have an approximately 181 circularly symmetric distribution so that the correlation was negligible ( Fig 4E; correlation 182 11 coefficient = −0.01 ± 0.13, n = 41). The resultant variables, " and # , had a circularly 183 symmetric distribution and, therefore, were approximately independent, with different events 184 occupying a similar amount of area ( Fig 4E) . 185
Using " and # , we defined the "burst phase" for each burst (Fig 4B and E) . Stimulus 186 sequences preceding 3-spike bursts exhibited systematic differences according to the burst phase 187 ( Fig 5A) . We subtracted the 3-BTA ( Fig 5B) from the sequences preceding 3-spike bursts. The 188 resulting deviations were oscillatory components with two or three ON peaks separated by 70-80 189 ms, with OFF peaks among them ( Fig 5C-E) . The intervals between these peaks were almost 190 constant, but their timing relative to the onset of bursts shifted depending on the burst phase (Fig 191 5C-E). When the burst phase increased from 0° to 360°, the peaks moved closer to the burst 192 onset ( Fig 5C-E) , and the timing of the major ON peaks showed approximately linear 193 dependence on the burst phase ( Fig 5C-E) . These results indicate that the phase of 3-spike bursts 194 encodes the temporal phase of an oscillatory component. In addition, we found that the distance 195 of the point ( " , # ) from the origin of the " -# plane encodes the amplitude of the 196 oscillatory component ( Fig 5F) . Similar coding was found for bursts elicited with natural scene 197 movies ( Fig 6) . indicate the average and SEM values among 8 cells that generated more than 1000 3-spike 228
bursts. 229
As shown in Fig 4B, bursts with the phase 0° and 180° had only ~5-and ~1-ms differences in 230 ISI1 and ISI2, respectively. Nevertheless, for bursts with the phase 0°, the ON and OFF peaks in 231 the encoded sequences were separated by ~80 ms, while the separation was only ~50 ms for 232 bursts with the phase 180° ( Fig 5A) . These results suggest that single spikes in bursts do not 233 simply indicate the occurrence of a single characteristic in light intensity sequence. To further 234 confirm this point, we conducted a simple reconstruction analysis. We calculated the spike-235 triggered averages (STA) for three-spike bursts and then generated an estimated stimulus 236 sequence by adding the STA aligned according to the burst spikes ( Fig 5G) . This reconstruction 237 failed to reproduce the observed dependence of the ON and OFF peaks on the burst phases 238 (compare Fig 5A and H) , and the deviation from the 3-BTA was much smaller than that of the 239 actual data (compare Fig 5E and I) . To quantify the amplitude of the deviation, the root mean 240 square of the deviation from the 3-BTA was calculated for the period between −200 and +25 ms 241 and averaged for all burst phases. The values were significantly larger for the actual stimuli than 242 for the reconstructed stimuli (0.107 ± 0.061 for actual stimuli and 0.003 ± 0.002 for 243 reconstructed stimuli, n = 19, P = 1.5 × 10 −7 , two-tailed Mann-Whitney-Wilcoxon test). Thus, 244 the simple reconstruction model failed to explain the observed burst coding. 245
Two independent components of burst patterns 246
The oscillatory component encoded by 2-spike burst ISIs had peak-to-peak intervals that are 247 similar to those of the components encoded by 3-spike bursts (~80 ms; compare Fig 3G and 5E) , 248 15 suggesting that 2-and 3-spike burst ISIs are modulated by related stimulus features. To further 249 characterize this similarity, we analyzed events in which both 2-and 3-spike bursts were 250 generated (e.g., Fig 4A, bottom) . For each of these events we calculated the average values of " 251 and # for 3-spikes bursts and the average value of the 2-spike burst ISIs (Fig 7A) . Plotting the 252 data on the " -# plane showed that 2-spike burst ISIs differ systematically depending on the 253 position of the events along the direction of ~30° ( Fig 7B) . A linear fitting indicated that the 254 optimum direction was 33.1° ± 15.6° (circular mean ± SD, n = 41; Fig 7C, The above result raises the hypothesis that the retinal mechanism that modulates 2-spike ISIs 277 also modulates 3-spike burst patterns in the orientation of ~33.1° on the " -# plane. Since " 278 and # are suggested to have two degrees of freedom, one possibility is that another 279 independent mechanism modulates 3-spike burst patterns in the orthogonal orientation, i.e., 280 ~123.1°, on the " -# plane. If two such independent mechanisms were present, modulation of 281 " and # in the two orthogonal orientations would have independent trial-to-trial variations, 282 and we tested this prediction. Although " and # had an approximately circularly symmetric 283 distribution ( Fig 4E) , their trial-to-trial variations within each event had an asymmetric 284 distribution ( Fig 7D) . Principal component analysis of this distribution indicated that the 285 17 principal axes corresponding to the smaller and larger variances were in the orientations of 29.4° 286 ± 7.3° and 119.4° ± 7.3° (n = 41; orange and green in Fig 7C and D) . This analysis indicates that 287 modulations of " and # in these two orientations have approximately independent trial-to-288 trial variation. Because these axes (~29.4° and ~119.4°) are close to those proposed for the 289 hypothesis (~33.1° and ~123.1°, see Fig 7C) , the results are in accordance with the presence of 290 two independent mechanisms, one of which (~30°) is common to 2-and 3-spike bursts. 291
Consistently, the oscillatory component encoded by 3-spike bursts with the phase of the common 292 component orientation (29.4° ± 7.3°) was similar to that encoded by 2-spike burst ISIs (compare 293 Fig 3G, yellow) . Given that the total distribution of " and # is circularly 294 symmetric, the smaller trial-to-trial variability of the ~30° component as compared with the 295 ~120° component indicates that the former is more precise. Therefore, the component common 296 to 2-and 3-spike bursts is more informative than that specific to 3-spike bursts. 297
Fig. 7F, yellow and
The two approximately independent components encode oscillatory components that are 298 approximately orthogonal to each other, i.e., components with ~1/4 cycles difference in phase 299 ( Fig 7F) . This result suggests that the two orthogonal oscillatory stimulus components modulate 300 3-spike burst patterns in the orthogonal orientations on the " -# plane. This model is 301 consistent with the above result that 3-spike burst patterns encode the amplitude and phase of an 302 oscillatory component, since an oscillatory sequence with an arbitrary amplitude and phase can 303 be approximated by a sum of two orthogonal oscillatory components with fixed phases and the 304 same frequency. that are much faster than the sequence encoded by the spike number. When a burst has three 308 spikes, the two intraburst ISIs combinatorially encode the amplitude and phase of the oscillatory 309 component. These results therefore suggest that a k-spike burst (k = 2, 3) encodes k different 310 stimulus features by exploiting all the k degrees of freedom, i.e., the spike number and k−1 ISIs. 311
This simultaneous representation of multiple stimulus features enables multiplexed information 312 coding, a mechanism that greatly increases the information transmission capacity [19, 27, 28] . 313
Whether this combinatorial coding occurs for bursts with k ≥ 4 spikes remains unknown, as 314 these bursts were rarely observed under our experimental conditions ( Fig 1D) . 315 When a burst has three spikes, the two mechanisms combinatorially determine the two ISIs. 323
Mechanisms of the combinatorial ISI coding 316
Because the two mechanisms are driven by the two orthogonal oscillatory components, the two 324
ISIs of 3-spike bursts carry information about both the amplitude and phase of the oscillatory 325
component. Modulation of the 3-spike ISI pattern by the common component is similar to 326 modulation of the burst duration, i.e, ISI1 + ISI2 (see yellow in Fig 7G) . The two proposed mechanisms modulating intraburst ISIs exhibit approximately independent 331 trial-to-trial variation, raising the possibility that the two mechanisms rely on two largely non-332 overlapping synaptic pathways. Such circuits, if present, may have different temporal properties, 333 considering that the two mechanisms respond to two different temporal sequences. In the 334 vertebrate retinae, bipolar cells have ~10 subtypes [29] [30] [31] [32] , and different subtypes have distinct 335 physiological properties [32-34] and varying temporal response characteristics [35] [36] [37] . In 336 addition, the inhibitory effect of amacrine cells on bipolar cells generates further variation of 337 temporal properties [38] . Therefore, specific subsets of bipolar and amacrine cells may constitute 338 largely non-overlapping synaptic pathways underling the combinatorial coding. 339
Implications for visual processing 340
It is currently unclear to what extent the burst ISI information analyzed in this study is 341 transmitted to the brain. However, in many brain regions, neuronal responses are sensitive to the 342 20 millisecond-scale temporal structure of synaptic inputs [24] . For example, in synaptic 343 transmission from the retina to the lateral geniculate nucleus (LGN), retinal spikes with ISIs of a 344 few milliseconds are much more effective in eliciting LGN spikes than those with ISIs of > ~20 345 ms [39] [40] [41] [42] [43] [44] [45] . Consistently, LGN burst ISIs are sensitive to the millisecond-scale structure of 346 current input [19] . Similar to synaptic connections from the retina to the LGN, those from the 347
LGN to cortical neurons are more responsive to spikes with short ISIs than those with long ISIs 348
[46]. Such dependence of neuronal responses on input ISIs suggests that bursts with different 349
ISIs elicit different spike responses of postsynaptic neurons. In addition, the dependence on ISIs 350 varies among individual synaptic connections [44] [45] [46] . This variation suggests that individual 351 synapses have different preference for bursts with different ISIs and thus may function as a 352 system to decode burst ISIs [24] . Although the present study investigated the dependence of ISIs 353 on the temporal patterns of visual stimuli, retinal ISIs also depend on the spatial patterns [47] . 354 Therefore, it is possible that burst ISIs encode spatial information as well as temporal 355
information. 356
Conclusions 357
The present results suggest that the retina employs mechanisms to regulate multiple components 358 of intraburst ISIs, and thereby encodes multiple stimulus features by exploiting all degrees of 359 freedom of burst spike patterns, i.e., the spike number and multiple intraburst ISIs. This burst 360 coding is likely to affect visual information transmission, as synaptic transmission is sensitive to 361
ISIs. Because bursts occur in various regions of the brain, analyses similar to the present study 362 may reveal previously overlooked information transmission in those regions. Science. Larval tiger salamanders were provided by Charles D. Sullivan Co. Inc., Nashville, 368
Tennessee, USA. 369
Recording and Stimulation 370
Retinal recording was performed as described previously [48] . Dark-adapted retinae from larval 
Identification of Bursts and Events 386
Histograms of the ISIs were generated for each isolated ganglion cell. The histograms often had 387 two distinct peaks (Fig 1B) representing shorter and longer ISIs, corresponding to intra-and 388
interburst ISIs, respectively [3-5]. The threshold interval Tthresh was set at the trough between the 389 two peaks in the ISI histogram ( Fig 1B) . Tthresh was 38.6 ± 20.0 ms (mean ± SD) for 41 cells 390 stimulated with the spatially uniform stimulation, and 87.7 ± 18.5 ms for the 16 cells stimulated with 391 the natural scene movie. If two consecutive spikes occurred with an interval shorter than Tthresh, they 392 were incorporated into the same burst, while they were separated into two consecutive bursts if the 393 interval was longer than Tthresh ( Fig 1C) . The robustness of this method was examined as follows. 394
Bursts were defined using various threshold intervals of ~10 ms to ~100 ms, and the rates of the 395 isolated spikes and bursts with 2-7 spikes were measured ( Fig 1D) . ,"-, -, and ."-(Hz) denote 396 the rates of the 2-spike bursts defined by the threshold intervals Tthresh−10 ms, Tthresh, and Tthresh+10 397 ms, respectively. The maximum rate change, max(| ,"-− -|, | ."-− -|) -⁄ , was 0.021 ± 0.020 398 (mean ± SD, n = 41) for cells stimulated with the spatially uniform stimulation, and 0.022 ± 0.014 for 399 the 16 cells stimulated with the natural scene movie. These small values indicate the robustness of 400 the method. The median intraburst ISIs of the 2-spike bursts and the median of the duration (ISI1 + 401 ISI2) of the 3-spike bursts were 8.1 ± 2.8 and 14.4 ± 4.7 ms (mean ± SD, n = 41), respectively, for the 402 cells stimulated with the spatially uniform stimulation, and 15.4 ± 5.6 and 29.0 ± 9.8 ms, 403 respectively, for the 16 cells stimulated with the natural scene movie. 404
Events were determined as follows. The first spikes of bursts were extracted (Fig 1E, top) and 405 merged across different repeats of the stimulus presentation (black in Fig 1E, middle) . The intervals 406 of these merged first spikes were then measured and a histogram was generated ( Fig 1F) . The 407 histogram had two peaks separated by Tthresh (red and blue in Fig 1F) , indicating that the intervals 408 23 were composed of short intervals representing inter-trial fluctuation (red in Fig 1E, middle, and red 409 in Fig 1F) and longer intervals separating the consecutive events (blue in Fig 1E, middle, and blue in 410 Fig 1F) . Thus, if two consecutively merged first spikes were closer than Tthresh, they were 411 incorporated into the same event; otherwise, they were assigned into two consecutive events (Fig 1E,  412 bottom). The robustness of the method was evaluated as follows. If bursts occurred with a large 413 timing jitter in different repeats, two consecutive bursts in one repeat were incorporated into one 414 event. However, this occurred for only 2.7% ± 2.7% of bursts for the cells (mean ± SD, n = 41) 415 stimulated with the spatially uniform stimulation, and 3.5% ± 1.1% for the cells stimulated with the 416 natural scene movie (n = 16). The values were small, indicating that the definition of events was 417 robust. 418
Experimental Design and Statistical Analyses 419
The numbers of the analyzed cells and retinae were as follows. Salamanders: n = 41 cells in 15 420 retinae for spatially uniform stimulation, and n = 16 cells in 4 retinae for natural scene 421
stimulation. 422
Correlations between the spike number and the intraburst ISIs of the bursts were investigated 423 using data from ganglion cells stimulated with the spatially uniform stimulation as follows. For 424 each event j in which at least one 2-spike burst occurred, the average number of spikes (n (j) ) and 425 the average intraburst ISIs of the 2-spike bursts (m (j) ) were determined. The correlation between 426 n (j) and m (j) was then calculated across events. Similar correlations were calculated for ISI1 and 427
ISI2 of the 3-spike bursts. 428
Mutual information conveyed by the burst spike number was determined as follows. When 429 the stimulation was repeated, bursts occurred in a limited number of discrete events that were 430 defined at specific time points of the sequence (Fig 1A) . Therefore, it was investigated how far 431 24 the receiver of bursts can specify the events by knowing the spike number, as compared to the 432 case where the receiver receives bursts without knowing the spike number. Rep , and the total number of bursts is Burst = ∑ Burst (4) @ Ev 4?"
. When a burst 438 was generated, the probability that the burst was in the j-th event is Burst 
• 3-spike , where ( -spike) = 3 Burst ⁄ is the 444 probability of k-spike bursts. To evaluate the statistical significance, surrogate data were 445 generated by exchanging the spike number of each burst with that of a randomly selected burst. 446
One hundred surrogate data were generated and number sur L was calculated for the l-th surrogate ( = 447 1, ⋯ ,100). If larger of number sur L was larger than number , the statistical significance is = 448 larger 100 ⁄ . The estimated mutual information was corrected by the bias correction method [52] . 449
Information conveyed by intraburst ISIs was calculated as follows. Intraburst ISIs of 2-spike 450 bursts, and ISI1 and ISI2 of 3-spike bursts were divided into 4 groups according to the length of 451 the ISIs, so that each group had as equal number of ISIs as much as possible. Two-and 3-spike Coordinate transformation of 3-spike burst ISIs was performed as follows ( Fig 4B-D) . For 3-460 spike bursts in event j, the average and standard deviation of ISI1 were designated as ISI RRRR "
(4) and 461 SD "
(4) , respectively. SD " (4) was linearly fitted with ISI RRRR " (4) ( = 1, ⋯ , Ev ) as SD " (4) ≅ 462 " UISI RRRR " (4) − " W, where " and " are constants (Fig 4C, top) . For a variable " = 463 log "-(ISI " [ms] − " [ms]), \]\ ISI^= (ISI " − " ) ," (log 10) ," , and thus the standard deviation 464 of " in each event was similar among different events (see bursts shown in different colors in 465 Fig 4D) . Bursts with ISI 1 ≤ " were removed from the analysis. # was similarly defined for 466 ISI # (Fig 4C, bottom) . The principle axes of the distribution of " and # were determined 467 ( Fig 4D) , and new variables " and # were defined by scaling " and # along these axes 468 so that the standard deviations along these axes were equal to 1 (Fig 4E) . " and # were 469 shifted so that their averages were zero. The burst phase was atan2( # , " ) ( Fig 4E) . 470
To characterize the stimulus features encoded by bursts, the stimulus sequences preceding 471 bursts of a specific spike number, intraburst ISIs within a specific range, or burst phase within a 472 specific range, were collected. The average and SEM values of the collected sequences were then 473 26 used for the analyses. Neurons that generated only small numbers of 2-or 3-spike bursts were 474 removed from the analyses (see legends for Figs 3G, 5D, 6C, and 6D). For linear reconstruction, 475 stimulus sequences preceding the spikes in three-spike bursts were collected and averaged. The 476 average sequence was divided by three and then used as the STA for the reconstruction (Fig 5G- 
